. Such patients most often selectively mis-attribute one of their limbs, mostly their contralesional hand, as belonging to another person. Another subset of patients with somatoparaphrenia may suffer from the opposite pattern and self-attribute the hands of other people, when these are presented in their contralesional hemispace, as belonging to themselves. Recent work has demonstrated that the intensity of somatoparaphrenia can be manipulated through various visual, somatosensory and cognitive procedures 17, 18 , and that damage resulting in this condition centres on the right posterior insula 19 .
The rubber hand illusion. Research on body ownership was recently spurred by the observation that illusory ownership of a fake, dummy, rubber or virtual hand can be induced in healthy people [20] [21] [22] [23] . A seminal paper 20 described a simple procedure that uses multisensory (in this case, visuotactile) conflicts to induce hand
Trimodal neurons
Neurons that respond to signals from three perceptual domains. One type of trimodal neuron responds to visual, tactile and proprioceptive signals; another type of trimodal neuron responds to visual, tactile and vestibular signals.
Proprioceptive signals
Sensory signals about limb and body position.
Autoscopic phenomena
A group of illusory own-body perceptions during which subjects report seeing a second own-body in extracorporeal space. They include autoscopic hallucination, heautoscopy and out-of-body experiences.
ownership for a rubber or fake hand: the rubber hand illusion. Viewing a fake hand being stroked by a paintbrush in synchrony with strokes applied to one's own corresponding (but occluded) hand can induce the illusion that the touch applied to the fake hand is felt and also induces illusory ownership for the fake hand (FIG. 1a) . In addition, participants perceive their hand to be at a position that is displaced towards the fake hand's position -a phenomenon known as proprioceptive drift 20, 23, 24 . Illusory hand ownership is abolished or decreased when the visuotactile stroking is asynchronous 20 , when an object (rather than a fake hand) is stroked 23 or when the fake arm is not aligned with 21, 23 or is too distant from the participant's own arm 25 (for reviews, see REFS 26, 27) .
Several conceptual models have proposed that illusory hand ownership is caused by visuo-proprioceptive integration that is further modulated by tactile stimulation [26] [27] [28] . Although initial work suggested common brain mechanisms for illusory hand ownership and proprioceptive drift 20 , recent findings have suggested that distinct multisensory mechanisms underlie the two phenomena. In addition, they are modulated by different factors and rarely correlate in strength with each other 24, 28 .
Brain areas and multimodal neurons involved in illusory limb ownership. Activation of the bilateral premotor cortex (PMC), regions in the intraparietal sulcus (IPS), insula and sensorimotor cortex have, in functional MRI (fMRI) and positron emission tomography (PET) studies, been associated with illusory limb ownership 21, [29] [30] [31] [32] [33] (FIG. 1b) . The cerebellum, insula, supplementary motor area, anterior cingulate cortex and posterior parietal cortex, as well as gamma oscillations over the sensorimotor cortex 31, 32 , have also been implicated 21, 29, [33] [34] [35] , whereas damage to pathways connecting the PMC, prefrontal cortex and parietal cortex results in an inability to experience illusory hand ownership 36 . Makin and co-workers 26 hypothesized that illusory hand ownership may involve trimodal neurons in the PMC and IPS that integrate tactile, visual and proprioceptive signals; such neurons have been described in non-human primates [37] [38] [39] [40] [41] [42] [43] [44] . Indeed, PMC and IPS neurons often respond to stimuli applied to the skin of the contralateral arm [40] [41] [42] and to visual stimuli approaching that hand or arm. Importantly, the visual receptive fields of these neurons are arm-centred, and their position in the visual field depends on proprioceptive signals: their spatial position shifts when the arm position is changed [41] [42] [43] ( FIG. 1c) . It has been proposed that in the rubber hand illusion, merely seeing the fake hand or visuotactile stimulation of the fake hand and the occluded subject's hand may lead to a shift (or enlargement; see below) of the visual receptive fields of IPS and PMC neurons, so that they now also encode the position of the fake hand 26 . Such changes in receptive field properties have been shown to occur after tool and virtual reality hand use (FIG. 1c) in bimodal visuotactile IPS neurons (and probably in PMC neurons as well) in monkeys 42, 43 and are also compatible with data in humans [45] [46] [47] . Moreover, in monkeys, arm-centred trimodal IPS neurons can be induced to code for a seen fake arm after synchronous stroking of the fake arm and the (occluded) animal's own arm but not after asynchronous stroking 48 (FIG. 1d) .
Body representation and self-consciousness
The phenomena of somatoparaphrenia and the rubber hand illusion are important for studying limb ownership and perceived limb position. However, they do not enable us to investigate fundamental aspects of selfconsciousness that are related to the global and unitary character of the self. That is, the self is normally experienced as a single representation of the entire, spatially situated body rather than as a collection of several different body parts 1 . Indeed, patients with somatoparaphrenia and healthy subjects with illusory hand ownership still experience normal self-location, normal first-person perspective and normal self-identification with the rest of their body. These three crucial aspects of bodily self-consciousness also remain normal in many other interesting research paradigms and clinical conditions that alter ownership of fingers 49, 50 , feet (in patients with somatoparaphrenia), half-bodies 12, 51, 52 or faces 53, 54 . Investigations of patients suffering from a distinct group of neurological conditions have revealed that selfidentification, self-location and first-person perspective can be altered in so-called autoscopic phenomena 51, [55] [56] [57] . These phenomena have directly inspired the development of experimental procedures -using video, virtual reality and/or robotic devices -that induce changes in self-location, self-identification and first-person perspective in healthy subjects [58] [59] [60] . The subjects experience illusions, referred to as out-of-body illusions or fullbody illusions, that arise from visuotactile and visuovestibular conflicts. In such studies, the tactile stroking stimulus is applied to the back or chest of a participant who is being filmed and simultaneously views (through a head-mounted display (HMD)) the stroking of a human body in a real-time film or virtual reality animation (FIG. 2) .
Experimental approaches. One approach involved participants viewing a three-dimensional video image on an HMD that was linked to a video camera that was placed 2 m behind the person, filming the participant's back from behind (FIG. 2a) . Participants thus saw their body from an 'outside' , third-person perspective. In one study using this approach 60 , subjects viewed the video image of their body (the 'virtual body') while an experimenter stroked their back with a stick. The stroking was thus felt by the participants on their back and also seen on the back of the virtual body. The HMD displayed the stroking of the virtual body either in real-time or not (using an online video-delay or offline pre-recorded data), generating synchronous and asynchronous visuotactile stimulation.
In another study 58 , seated subjects wearing two HMDs viewed a video of their own body, which was being filmed by two cameras placed 2 m behind their body. Here, the experimenter stroked the subject on the chest with a stick and moved a similar stick just below the camera. The stroking was thus felt by the subject and seen when not occluded by the virtual body (FIG. 2b) . Nature Reviews | Neuroscience Participants see a rubber or fake hand (centre) at a plausible distance and orientation from their hand (left), which is hidden from view. Synchronous stroking of both hands (at corresponding locations and with the same speed) leads to the illusion that the touch is felt on the seen rubber hand, accompanied by a feeling of ownership for the rubber hand and a change in perceived hand position towards the rubber hand (a phenomenon known as proprioceptive drift). Asynchronous stroking, implausible location and incongruent orientation of the rubber hand with respect to the participant's hand abolish the illusion. b | The main brain regions that are associated with illusory hand ownership and changes in perceived hand position. Regions include the ventral and dorsal premotor cortex (PMC), primary somatosensory cortex (S1), intraparietal sulcus (IPS), insula, anterior cingulate cortex (ACC) and the cerebellum. c | Receptive fields of bimodal neurons in the IPS region of macaque monkeys that respond to tactile and visual stimulation. The left panel shows the tactile receptive field (tRF; blue) and the visual receptive field (vRF; pink) of a bimodal (visuotactile) neuron that responds to touches applied to the indicated skin region and to visual stimuli presented in the indicated region of visual space surrounding the arm and hand. The size of the vRFs can be extended to more distant locations through tool use (middle panel). Similar extensions of vRFs have been observed when vision of the hand and arm is not mediated by direct sight but mediated via video recordings (right panel). d | Trimodal neurons in the IPS region of macaque monkeys respond to visual, proprioceptive and tactile stimulation. For such neurons, the position of the visual receptive field remains fixed to the position of the arm across several different postures and is based on proprioceptive signals about limb position. The left panel shows an experimental set-up (with the hidden arm positioned below the fake arm) that has been used to reveal that such neurons also respond to tactile and visuotactile stimulation. The activity of such neurons can be altered by visuotactile stroking applied to the fake hand and the hidden hand of the animal. Before visuotactile stroking, the neuron showed greater firing when the real arm was positioned to the left than when it was positioned to the right, but the position of the fake arm did not affect its firing rate (middle panel). After synchronous stroking, but not asynchronous stroking (not shown), the neuron was sensitive to the position of both the real arm and the fake arm (right panel A third study 61 involved subjects in a supine body position. Their bodies were filmed by a camera placed 2 m above the subject so that the virtual body, seen on an HMD, appeared to be located below the physical body. Here, the subjects received both back and chest stroking (although not simultaneously) and saw the virtual body receiving the same type of stroking.
Studies using these types of set-ups to target selfidentification, self-location and the first-person perspective are the focus of the following sections.
Self-identification
Experimentally induced changes in self-identification. In the study in which subjects viewed the video image of their body while an experimenter stroked their back with a stick 60 (FIG. 2a) , illusory self-identification with the virtual body and referral of touch were stronger during synchronous than during asynchronous stroking 60 , similar to the rubber hand illusion 20 . In the second study 58 , in which seated subjects were stroked on the chest (FIG. 2b) while they viewed their body from behind, the subjects also reported referral of touch (the feeling that the stick they saw was touching their real chest). They also reported that during synchronous stroking, looking at the virtual body was like viewing the body of someone else (that is, they had low self-identification with the virtual body). In the third study 61 , subjects in a supine position saw their virtual body (on an HMD), which appeared to be located below the physical body. Here, self-identification with and referral of touch to the virtual body were greater during synchronous than during asynchronous back stroking. By contrast, self-identification with the virtual body was lower during synchronous chest stroking as compared to asynchronous chest stroking.
Unlike older studies [62] [63] [64] [65] [66] (FIG. 2c) , these recent studies have the advantage that self-identification can be tested experimentally across well-controlled conditions of visuotactile stimulation while keeping motor and vestibular factors constant. It has also been shown that illusory full-body self-identification is associated with an interference of visual stimuli on the perception of tactile stimuli 67, 68 (FIG. 2d) . Such visuotactile interference is a behavioural index of whether visual and tactile stimuli are functionally perceived to be in the same spatial location 67, [69] [70] [71] [72] . These findings suggest that during illusory self-identification, visual stimuli seen at a position that is 2 m in front of the subject's back, and tactile stimuli that were applied on the subject's back were functionally perceived to be in the same spatial location (also see REFS 67, [69] [70] [71] [72] [73] [74] .
Illusory self-identification with a virtual body is also associated with physiological and nociceptive changes. Thus, the skin conductance response to a threat directed towards the virtual body 44, 58, 75 as well as pain thresholds (for stimuli applied to the body of the participant during the full-body illusion) 76 are increased in states of illusory self-identification. The changes in touch, pain perception and physiology that occur during illusory self-identification indicate that states of illusory self-identification alter the way humans process stimuli from their body.
Activity in cortical areas reflects self-identification.
Three imaging studies on self-identification have been carried out to date. They all manipulated self-identification through visuotactile stimulation, although they differed greatly in terms of the experimental set-up. One comprehensive fMRI study 44 of a full-body illusion reported that self-identification with a virtual body is associated with activity in the bilateral ventral PMC, left IPS and left putamen (FIG. 3a) . The activity in these three regions was enhanced by visuotactile stimulation when the virtual body was seen in the same place as the participant's body (from a first-person viewpoint and not in back-view; see below). Activity in these regions was also enhanced when visuotactile stimulation was applied to the virtual hand and the subject's corresponding (hidden) hand 44 . An electroencephalography (EEG) study 77 linked self-identification with a virtual body to activity in bilateral medial sensorimotor cortices and medial PMC (FIG. 3a) . Specifically, self-identification (and selflocation) with a virtual body induced by synchronous versus asynchronous visuotactile stimulation of the real and the virtual body was associated with differential suppression of alpha band power (8-13 Hz) oscillations in bilateral medial sensorimotor regions and the medial PMC 77 . These changes in alpha band suppression between synchronous versus asynchronous stimulation conditions were absent if a virtual control object was used instead of a virtual body. Alpha band oscillations over central areas (that is, the mu rhythm) have been linked to sensorimotor processing 78 , and mu rhythm suppression is thought to reflect increased cortical activation in sensorimotor and/or premotor cortices 79 . Indeed, movements, movement observation 80 , motor imagery 81 and biological motion perception 82 suppress mu oscillations in the sensorimotor cortex, as do the application of tactile cues 83 and the observation of touch applied to another person 84 . These EEG data thus suggest increased activation of the sensorimotor cortex and PMC during asynchronous, as compared to synchronous, visuotactile stimulation. This is similar to findings from a PET study of illusory hand ownership 33 but opposite to the increased BOLD (bloodoxygen-level-dependent) activity found during the synchronous stroking condition in the fMRI study 44 . A second fMRI study 59 found that self-identification with a virtual body is associated with activation in the right middle-inferior temporal cortex (partially overlapping with the extrastriate body area (EBA)) (FIG. 3a) . The EBA is, like the PMC and IPS, involved in the processing of human bodies [85] [86] [87] [88] . More work is needed as only three neuroimaging studies have been carried out to date, and the results and the applied methods vary greatly.
Self-identification and multisensory integration. The bilateral PMC, IPS and sensorimotor cortex have also been associated with illusory limb ownership, suggesting that full-body and body-part ownership may, at least partly, recruit similar visuotactile mechanisms and similar brain regions 44 . Findings from non-human primates suggest that self-identification for an arm and Nature Reviews | Neuroscience 60 . A participant (light colour) views, on video goggles, a camera recording of his own back, as if a virtual body (dark colour) were located a few metres in front. An experimenter administers tactile stroking to the participant's back (stroking stick; red colour), which the participant sees on the video goggles as visual stroking on the virtual body. Synchrony (real-time projection) but not asynchrony (pre-recorded or delayed projection) of visuotactile stroking results in illusory self-identification with the virtual body. b | Experimental set-up during the full-body illusion using chest-stroking 58 . An experimenter applies simultaneously tactile strokes (unseen by the participant) to the chest of the participant (light colour) and visual strokes in front of the camera, which films the seated participant from a posterior position. On the video goggles, the participant sees a recording of the own body, including the visual strokes, from the posterior camera position. Synchronous (real-time video projection) but not asynchronous (delayed video projection) visuotactile stroking results in illusory self-identification with the camera viewpoint (represented by the body in the dark colour). c | An early experimental set-up using a portable mirror device is shown, in which several aspects of bodily self-consciousness, likely including self-identification, were manipulated. Four portable mirrors (A-D) were aligned around a participant (standing position) in such a way that the participant could see in front of him a visual projection of his body in a horizontal position. d | The experimental set-up of a full-body illusion using back stroking (a) has also been used to acquire repeated behavioural measurements related to visuotactile perception (that is, the crossmodal congruency effect (CCE)) 68 . In addition to the visuotactile stroking (as in a) participants wore vibrotactile devices and saw visual stimuli (light-emitting diodes) on their back while viewing their body through video goggles. The CCE is a behavioural measure that indicates whether a visual and a touch stimulus are perceived to be at identical spatial locations. Participants were asked to indicate where they perceived a single-touch stimulus (that is, a short vibration), which was applied either just below the shoulder or on the lower back. Distracting visual stimuli (that is, short light flashes) were also presented on the back either at the same or at a different position (and were filmed by the camera). Under these conditions, participants were faster to detect a touch stimulus if the visual distractor was presented at the same location (that is, a congruent trial) compared to touches co-presented with a more distanced visual distractor (that is, an incongruent trial). CCE measurements were carried out while illusory selfidentification was modulated by visuotactile stroking as described in part a. The effect of congruency on reaction times was larger during synchronous visuotactile stroking than during asynchronous stroking, indicating greater interference of irrelevant visual stimuli during illusory self-identification with the virtual body. Part c is modified, with permission, from REF. 65 © (1899) Oxford University Press. for a full-body both rely on visuotactile neurons. For example, the PMC and IPS in non-human primates harbour bimodal neurons that are involved in integration of visual and somatosensory stimuli regarding the arms and the trunk 38, 41, 43, 48 . Thus, in addition to arm-centred neurons (see above), these regions harbour trunk-centred neurons that have large receptive fields 43 (FIG. 3b) : that is, they encode the surface of the trunk 38, 89, 90 and, in some cases, the whole body of the monkey 89 . On the basis of the involvement of the IPS and PMC in humans in both hand ownership and self-identification (that is, body ownership) and the properties of bimodal visuotactile neurons in these regions in monkeys, it can be speculated that changes in full-body self-identification may be a result of strokinginduced changes in the size and position of trunkcentred bimodal neurons with respect to the virtual body that is seen on the HMD. In this scenario, the visual receptive fields of such bimodal neurons would be enlarged following visuotactile stroking, and would also encode the more distant position of the seen virtual body after stroking 43 (FIG. 3c) .
However, there are also some important differences between full-body and body-part ownership. For example, during the full-body illusion, there is self-identification with a virtual body that is viewed at a distance of 2 m, whereas in the rubber hand illusion, the illusion decreases or disappears when the rubber hand is placed at more distant positions 25 or when the posture of the rubber hand is changed to an implausible one 23 . Considering that viewing one's body from an external perspective at 2 m distance is even less anatomically 44 are shown in red, by Lenggenhager et al. 77 in blue and by Ionta et al. 59 in yellow. The location of brain damage leading to heautoscopy is also shown 98 (green). b | Receptive fields of bimodal neurons in area VIP (ventral intraparietal) of macaque monkeys that respond to both tactile and visual stimulation. In both panels, the size and position of the tactile receptive field (tRF) is indicated in blue and the size and position of the visual receptive field (vRF) in peripersonal space is indicated in pink. A neuron in area VIP responds to tactile stimuli applied to a large skin region encompassing the right shoulder, right arm and right half of the head, and to visual stimuli from the large visual region indicated in pink (left panel). Other neurons in area VIP respond to tactile stimuli applied to the entire trunk and the right arm (tRF; blue) 90 and visual stimuli in the upper bilateral visual fields (vRF; pink) (right panel). Other neurons (not shown) respond to tactile stimuli applied to the right hemibody and visual stimuli from the entire right visual field (vRF). Note the congruence of the size and location of vRFs and tRFs for each neuron and the larger size of the RFs with respect to arm-or hand-centred bimodal neurons depicted in FIG. 1c. Neurons with similar properties have also been described in area 5 and the PMC. c | Hypothetical changes in the size and/or position of the vRF of trunk-centred bimodal VIP neurons that may be associated with illusory self-identification during the full-body illusion as induced by visuotactile stroking between the participant's body (light-coloured body) and the filmed (dark-coloured) body (also see FIG. 2a ). The left panel shows the bilateral vRF (in pink) of a bimodal visuotactile neuron that responds to stimuli that are seen as approaching the person's arms, trunk and the back of the head (location of tRFs not shown). During the full-body illusion, the sight of one's own body filmed from behind and viewed through a head-mounted display may alter the size and/or position of the vRFs of such trunk-centred visuotactile neurons, so that they now extend to the more distant position of the seen filmed body (right panel). Such vRF changes in the full-body illusion may be particularly prominent under conditions of synchronous visuotactile stroking applied to the filmed back and the hidden back of the subject, as shown for visuotactile stroking between a participant' s hidden hand and a fake hand 48 .
Heautoscopy
The phenomenon in which the subject experiences seeing a second own-body in extracorporeal space. Subjects often report strong self-identification with the second own-body and heautoscopy is often associated with the sensation of bi-location (that is, the sensation of being at two places at the same time).
plausible than a fake hand in a misaligned posture, it is perhaps surprising that the full-body illusion occurs at all under such conditions (but see REF. 91 ). I argue that further differences between trunk-versus arm-centred neurons may account for this. Thus, in monkeys, the visual receptive fields of bimodal neurons with tactile receptive fields that are centred on the trunk (including the back and shoulder) in area 5 (REF. 43 ) and area VIP (ventral intraparietal) 90 in the parietal cortex are larger than those of neurons with hand-centred visual and tactile receptive fields (FIG. 3b) . Moreover, the visual receptive fields of trunk-centred visuotactile neurons sometimes extend for 1 m or more into extrapersonal space 43 , whereas the visual receptive fields of armcentred visuotactile neurons extend less far 42, 43 (for trunk-centred bilateral neurons in area 5, see REFS 92, 93) .
Thus, although arm and full-body ownership are both associated with visuotactile mechanisms in the sense that the neurons involved respond to both visual and tactile stimuli and depend on the temporal congruency between seen and felt stimulation, they probably rely on at least partly different mechanisms, as trunkand hand-centred visuotactile neurons differ in the location and the size of their visual and tactile receptive fields 38, [40] [41] [42] [43] 48, 92 . In addition, trunk-versus hand-centred visuotactile neurons are likely to be found within different subregions involved in visuotactile integration (their location differs, for example, in area 5, although this has so far only been described for tactile neurons 92, 93 ). Moreover, area VIP has more visuotactile trunk-and head-coding cells than hand-coding cells, whereas the opposite is true for more anterior areas in the IPS 94 and area 5. Although visuotactile neurons have not been defined in the EBA 59 , it can be speculated that the cellular mechanisms for self-identification in the EBA are similar because activity in this region is modulated by movements of the observer 85 as well as during tactile explorations of body-shaped objects 95, 96 .
Neurologically induced changes in self-identification.
Patients with heautoscopy 1,97 report strong changes in self-identification with a hallucinated visual body. These patients report seeing a second own-body in extrapersonal space and often self-identify and experience a close affinity with this autoscopic body 56, 97, 98 . Self-identification with the hallucinated body may even persist if the hallucinated body only partly reflects the patient's outside bodily appearance 97, 98 , which is compatible with illusory self-identification that can be induced with avatars and fake bodies that do not resemble the body of the participant 44, 59, 60, 75 . Heautoscopy is associated with vestibular sensations and detachment from emotional and bodily processing from the physical body, suggesting links with depersonalization disorder 97, 99 . It has been proposed that heautoscopy is a disorder of multisensory (in this case, visual, tactile and proprioceptive) integration of bodily signals and an additional disintegration of such cues with vestibular signals 100 . Patients with heautoscopy do not just report abnormalities in self-identification but also in self-location (see below). To the question ''where am I in space?" they cannot provide a clear answer, and self-location may frequently alternate between different embodied and extrapersonal positions and may even be experienced at two positions simultaneously 14, 97, 100, 101 . This experience may sometimes be described as if being "split in two parts or selves", as if "I were two persons" (REF. 102) or as having a "split personality" (REF. 103) . Although the precise location of brain lesions that induce heautoscopy has not yet been identified, a recent review suggests a predominant involvement of the left temporoparietal cortex and to a lesser extent the occipitotemporal cortex 98 (FIG. 3a) .
Collectively, the data reviewed above suggest that self-identification is linked to activity in five cortical regions -the IPS, PMC, sensorimotor cortex, EBA and temporoparietal cortex -and probably also in subcortical structures like the putamen. The EBA, sensorimotor cortex and temporoparietal cortex were less consistently observed across the reviewed data, suggesting that IPS and PMC processing is most important. These five cortical areas are known to integrate multisensory bodily signals -including visual, somatosensory and vestibular signals 38, [41] [42] [43] 90, 104 -and all except the EBA and sensorimotor cortex have been shown to harbour bimodal (or multimodal) neurons (for multimodal neurons in the temporoparietal junction (TPJ), see next section) that have large receptive fields encompassing the trunk and face region and, in some cases, the legs. Experimentally induced changes in illusory self-identification with a fake or virtual body via video-based virtual reality systems may be associated with a stroking-induced enlargement or alteration of the visual receptive fields of such bimodal neurons (FIG. 3c) in these five areas (especially the IPS and PMC), although no direct evidence for this possibility exists yet. More neuroimaging work in humans is necessary to better understand the different activation patterns across studies and how they relate to differences in visuotactile stimulation paradigms and self-identification.
Self-location and first-person perspective
Under normal conditions, in the described laboratory conditions, and in most reports by neurological patients, the position of self-location and the first-person perspective coincide, and changes in self-location and firstperson perspective are therefore described together here. In rare instances, however, self-location and first-person perspective can be experienced at different positions 105 , suggesting that it may be possible to experimentally induce similar dissociations in healthy subjects.
Experimentally induced changes in self-location and first-person perspective. Attempts to study self-location in healthy individuals through self-reports 106, 107 , interviews, pointing 108 and schematic drawings 109 found that most participants indicated self-location within their body, particularly in the head. Can alterations in selflocation be induced experimentally? Stratton reported heautoscopy-like changes in self-location as early as 1899 (REF. 65) (FIG. 2c) . In an observational study 63 , the authors installed a fixed camera in the corner of a room and projected the filmed scene (including the subject's b a PMC PMC S1 mPFC pSTG TPJ S1 mPFC body) onto their subject's HMD so that they could see their body from a distance while walking. Using such sensorimotor cues, subjects reported being both at the position of the camera and at the position at which they saw their body. More recently, researchers have induced alterations in self-location by employing the techniques that are used to study self-identification, which are described above (FIG. 2) . Results from these studies 58, 60 indicated that during the illusion, subjects experienced self-location (measured by questionnaires 58 , walking responses 60 or mental imagery 59, 61 ) not at the position of their physical body but either 'in front of ' or 'behind' that position, depending on whether the actual and virtual body received synchronous back stroking 60 or chest stroking 58 . Comparable changes in self-location occurred when subjects were in supine position 61 (FIG. 4a, left panel) .
In a recent fMRI study 59 , participants in a supine position viewed, through video goggles, short movies showing a back view of a virtual body that was filmed from an elevated position (that is, by a camera positioned above the virtual body). The participant received back strokes (robotic stroking) while viewing the video, and these were either synchronous or asynchronous with the back strokes that the virtual body received on the video. Subjects reported higher self-location towards the virtual body during the synchronous compared with the asynchronous stroking condition (FIG. 4a) . Participants were also asked to indicate the experienced direction of their first-person perspective (either upwards or downwards). Interestingly, despite identical visuotactile stimulation, half of the participants experienced looking upward towards the virtual body (up-group) and half experienced looking down on the virtual body (down-group). Importantly, these changes in first-person perspective were associated with different changes in self-location in both groups: up-group participants reported an initially low position of self-location and an elevation in self-location during synchronous stroking, whereas participants from the down-group reported the opposite (FIG. 4a) . Moreover, subjective reports of elevated self-location and sensations of flying, floating, rising, lightness and being far from the physical body were frequent in the down-group and rare in the up-group 59 . These data show, first, that self-location depends on visuotactile stimulation and on the experienced direction of the first-person perspective. Second, these data suggest that different multisensory mechanisms underlie self-location versus self-identification, as the latter does not depend on the first-person perspective 59 . Different multisensory mechanisms have also been described for illusory hand ownership and perceived hand location in the rubber hand illusion paradigm 28, 30 , which can be compared with illusory self-identification and self-location, respectively.
It is currently not known whether and how these experiences of self-location and the first-person perspective relate to those in earlier studies on the visual, auditory and kinesthetic ego-centre and to subjective reports based on interviews and pointing 108, 109 . It should be of interest to test whether the visual ego-centre 110 can be altered through visuotactile stimulation and, if so, whether such changes are body-specific and depend on visuotactile synchrony. Self-location and the first-person perspective as manipulated through visuotactile stimulation may also relate to brain mechanisms of prism adaptation. Prism adaptation is generally studied by inserting The left panel shows a participant lying horizontally on her back (pink body) and receiving back stroking from a robotic stimulator (not shown) installed on the bed. While she receives such tactile stimulation, she is watching (on video goggles) a video of another person receiving the back stroking (body not shown). Under this visuotactile condition, one group of participants experienced looking upward (upward first-person perspective) associated with elevated self-location, and this experience was stronger during synchronous stroking (left panel, dark body) than during asynchronous stroking condition (left panel, beige body). Another group of participants, who received physically identical visuotactile stimulation conditions, experienced looking downward associated with lower self-location, and this experience was also stronger during synchronous stroking (right panel, dark body) than during asynchronous stroking (right panel, beige body). These differences in self-location and experienced direction of the first-person perspective are probably due to different weighing of visual and vestibular cues related to gravity perception. Thus, the visual cues from the posture of the filmed body suggested that the direction of gravity is upward, while the veridical direction of gravity is always downwards. Participants in the left panel seem to rely more strongly on vestibular versus visual cues, whereas the opposite is true for participants depicted in the right panel, when judging self-location and the direction of the first-person perspective. The direction of the experienced direction of the first-person perspective is indicated by an arrow in both panels. b | The drawing shows the different brain regions that were activated during illusory self-location and changes in the first-person perspective in different studies. Regions include the right and left posterior superior temporal gyrus (pSTG), right temporoparietal junction (TPJ), primary somatosensory cortex (S1) and medial premotor cortex (mPMC) and adjacent medial prefrontal cortex (mPFC). Data by Lenggenhager et al. 77 are shown in blue, data by Ionta et al. 59 are shown in yellow and the location of brain damage at the right angular gyrus that leads to out-of-body experiences is shown in green 59 .
Ego-centre
A single point from which human observers believe they are viewing a spatial scene. Ego-centres have been investigated for visual, auditory or kinaesthetic stimuli.
systematic spatial mismatches between the seen position of visual cues and their actual spatial coordinates [111] [112] [113] [114] [115] . The recent experiments on self-location and the firstperson perspective described above may thus be conceived as a form of prism adaptation that uses a complex displacement of the visuospatial field and the position of the observer within it. Future research should investigate whether experimentally induced changes in self-location and first-person perspective rely on similar mechanisms to those described for prism adaptation [111] [112] [113] [114] [115] . Activity in bilateral temporoparietal cortex reflects selflocation and first-person perspective. In an EEG study 77 , modulation of self-location was associated with 8-13 Hz oscillatory activity in bilateral medial sensorimotor and medial PMC (FIG. 4b) . In addition, gamma band power in the right TPJ and alpha band power in the medial prefrontal cortex correlated with the strength of the induced changes in illusory self-location. An fMRI study also showed an association between changes in selflocation and first-person perspective and activity at the TPJ bilaterally 59 . Here, TPJ activity, which peaked in the left and right posterior superior temporal gyrus (pSTG), differed between synchronous and asynchronous stroking conditions (FIG. 4b) , and, importantly, depended on the experienced direction of the first-person perspective 59 . Thus, in one group of subjects, pSTG activity was higher in the asynchronous stroking condition, whereas in another group of subjects pSTG activity was higher in the synchronous stroking condition -that is, the BOLD response was smaller during conditions in which subjects from either group experienced an elevated self-location 59 . The finding in this fMRI study that selflocation depended on the first-person perspective shows that the matching of different sensory inputs alone does not account for pSTG activity in healthy subjects.
Neurologically induced changes in self-location and first-person perspective. The involvement of the pSTG in self-location and the first-person perspective is consistent with out-of-body experiences (OBEs) in patients with damage to the pSTG. These patients experience a change in both self-location and first-person perspective -they see and/or feel their body and the world from an elevated perspective that does not coincide with the physical position of their body 98, 100, 116 . Although this first-person perspective is illusory, it is experienced in the same way as humans experience their everyday first-person perspective under normal conditions [117] [118] [119] . This phenomenon has been induced experimentally in a patient with epilepsy who experienced OBEs 120 that were characterized by elevated self-location and a downwardlooking first-person perspective by applying 2 s periods of electrical stimulation at the anterior part of the right angular gyrus and the pSTG. For 2 s periods, this patient experienced the sensation of being under the ceiling and seeing the entire visual scene (including the room, her body and other people) from her stimulation-induced elevated first-person perspective and self-location. The findings from the experiment using robotic stroking 59 described above are intriguing in this respect, as they showed that under certain experimental conditions, healthy subjects can experience a 180° inversion and displacement of the first-person perspective similar to the perspective changes seen in patients with OBEs. On the basis of other hallucinations that are associated with OBEs -including vestibular otolithic sensations (such as floating, flying and elevation) and visuotactile hallucinations 100, 105, [120] [121] [122] -it has been proposed 98 that OBEs are caused by abnormal integration of tactile, proprioceptive, visual and in particular vestibular inputs. Anatomically, OBEs resulting from focal brain damage or electrical brain stimulation have been associated with many different brain structures 100, 120, 123, 124 but most often involve the right angular gyrus 59 (FIG. 4b) .
Viewpoint changes and spatial navigation. The search for the brain mechanisms underlying the first-person perspective and its relation to other aspects of self-consciousness has been approached from many different angles (see below) 98, 125 . However, these studies focused on imagined or visual changes in the first-person perspective versus third-person viewpoints that differ from the changes in the experienced direction of the firstperson perspective described above in neurological and healthy subjects. For example, some experiments have studied self-identification by changing the viewpoint from which a virtual body was shown. Thus, one study tested whether participants experienced differences in self-identification depending on whether they saw a virtual body from a first-versus third-person viewpoint 126 (also see REF. 75 ). In the first-person viewpoint condition, participants tilted their heads down as if to look towards their stomach while being shown the stomach and legs of a virtual body on an HMD. In the thirdperson viewpoint condition, participants were asked to look straight ahead and saw a front-facing virtual body at a short distance. The participants reported higher self-identification for first-versus third-person viewpoints 126 (also see REF. 127 ). Higher self-identification with a virtual body was also reported by supine subjects who received stroking and simultaneously watched synchronous (as compared to asynchronous) stroking being applied to a virtual body that was seen as if in the same place as their own physical body (first-person viewpoint) 44 . Activity the in left and right PMC and in the left IPS was increased in conditions with higher levels of self-identification 44 . Findings from a study in which participants observed and interacted with virtual humans, virtual mirrors and other virtual objects 127 confirmed the importance of the first-person viewpoint for the strength of self-identification with a virtual body, but also showed that under the first-person viewpoint visuotactile stimulation did not strongly alter self-identification, whereas it did for third-person viewpoints. Together, these data show that different visual viewpoints of a virtual body induce different levels of self-identification and that these may 126 or may not 127 depend on visuotactile conflict.
These studies echo recent work that compared different types of 'egocentric' viewpoint transformations and judgements. In several experiments, subjects watched a
Prism adaptation
The phenomenon that subjects who wear prism glasses that introduce spatial mismatches between the seen position of visual cues and their actual spatial coordinates learn to correctly perceive and reach for visual targets.
Out-of-body experience (OBE). The phenomenon in which the subject experiences seeing a second own-body from an elevated and distanced extracorporeal position. Subjects often report disembodiment (that is, a sensation of separation from their physical body) and sensations of flying and lightness.
Virtual mirrors
Part of an immersive virtual reality scenario that includes a region where the image and movements of the immersed user will be simulated as if reflected from a physical mirror.
Egocentric
An umbrella term for maps and/or patterns of modulation that can be defined in relation to some point on the observer (for example, head-or eye-centred maps).
virtual scene showing an avatar in the centre and a different number of red balls around her [128] [129] [130] . The subjects observed the scene from different viewpoints (including that of the avatar and different red ball positions) and had to either imagine how many balls the avatar could 'see' (that is, an imagined third-person viewpoint) or how many balls they were seeing (that is, a first-person viewpoint).The third-person viewpoint condition was associated with activation in the superior parietal lobule and premotor regions, whereas the first-person viewpoint condition activated the prefrontal cortex, medial posterior parietal cortex and bilateral STG. In a related experiment, frequent viewpoint changes (as compared to a fixed viewpoint) were associated with right TPJ activation (centring on the posterior middle temporal gyrus) 131 (also see REF. 128 ). The areas of the brain in which activity changes during different first-person viewpoints may be of relevance for recognizing landmarks and during spatial navigation 132 . For example, a network of brain regions consisting of the right TPJ, IPS, precuneus and parahippocampal gyrus 133 is activated when subjects imagine looking at a spatial environment from a number of different (that is, imagined third-person) viewpoints. Moreover, these brain regions are different from those involved in allocentric scene transformations 134 
.
Vestibular processing and the first-person perspective.
The studies discussed above 44, 126 involved changes in viewpoint: that is, changes in the visual input to the brain while testing bodily self-consciousness. Importantly, this is different from the situation in patients with OBEs and in experiments involving robotically applied stroking 59 , who experience changes in first-person perspective without any changes in the actual visual input. This suggests that the first-person perspective may have a non-visual, vestibular component, and that the firstperson perspective therefore relies, at least partly, on distinct brain mechanisms from those involved in selfidentification, which rely on visual and somatosensory input. It has been argued 59 that mechanisms underlying the first-person perspective are of a visuovestibular nature. In the study discussed earlier 59 , participants viewed a visual image on the HMD that contained a conflict between the visual gravitational cues of the virtual body and the vestibular gravitational cues experienced by the participant's physical body: the body that was shown in these experiments was presented in a direction that was incongruent with the direction of veridical gravity. The authors argued that this may have caused differences in the experienced direction of the first-person perspective, with participants from the up-group relying more strongly on vestibular cues from the physical body (indicating downward gravity directed towards the physical body) than on visual gravitational cues from the virtual body (indicating downward gravity directed away from the physical body), whereas participants from the down-group show the opposite pattern. Indeed, there are inter-individual differences in the extent of visuovestibular integration, and some subjects may rely more strongly on visual signals and others on vestibular signals [135] [136] [137] [138] . The possibility that the experienced direction of the first-person perspective depends on visuovestibular integration, especially when the subject is in the supine position, is also compatible with the finding that 73% of OBEs in the general population 139 and >80% of OBEs in neurological patients occur in the supine position 98 . Moreover, the experienced direction of the first-person perspective is strongly altered in a bodily illusion -the inversion illusion -that is prevalent in people with otolithic deficits and in microgravity conditions [140] [141] [142] . This illusion occurs in almost all healthy subjects placed in a microgravity environment 142, 143 . It is characterized by a 180° inversion and a down-looking first-person perspective of the subject within a stable extrapersonal space and results from absent or abnormal gravitational signals and abnormal visuovestibular integration. Finally, body position is known to strongly affect visual and vestibular perception [144] [145] [146] [147] 
To summarize, these data collectively suggest that neurologically and experimentally induced changes in the experienced direction of the first-person perspective may be due to abnormal signal integration of otolithic and visual cues 59, 100, 142, [148] [149] [150] .
The role of multimodal neurons in self-location and first-person perspective. It is possible that changes in self-location may, like changes in self-identification, involve shifts in the spatial characteristics of trunk-centred bimodal visuotactile neurons, especially in the TPJ and posterior parietal cortex (such as area VIP), but also in the medial PMC and, potentially, EBA. Thus, it can be speculated that the different visuotactile stroking procedures described above displace or enlarge the visual receptive fields of such bimodal neurons, so that they now also encode the more distant position of the seen body (FIG. 5a) . In monkeys, it has been shown that visuotactile stroking can change the properties of neurons in
Box 1 | Egocentric and allocentric mental tranformations
There is a long tradition in cognitive neuroscience of studying ego-versus allocentric perspective taking and mental imagery. In egocentric paradigms, participants are classically asked to imagine shifting their position and perspective to a new position and perspective in space and make judgements about variable attributes or spatial relations of stimuli from the imagined position and perspective. Egocentric mental imagery has been associated with activation in the right middle temporal gyrus, supplementary motor area, left middle occipital gyrus 206, 207 and in the left temporoparietal junction (TPJ) 208 . Other studies, in which participants were asked to generate egocentric mental imagery by imagining themselves at the position and perspective of visually presented human figures, have reported bilateral (but predominantly right) TPJ activation, as well as bilateral extrastriate cortex activity in proximity to the extrastriate body area 98, 125 , extending earlier findings 209 . This type of egocentric imagery was faster and more accurate when performed from an elevated visual viewpoint and was accompanied by stronger activation in the bilateral TPJ when compared to eye-level or lowered visual viewpoints 210 . Classically, these imagined egocentric viewpoints or bodily transformations are compared to imagined allocentric transformations, in which participants are asked to imagine a transformation of the scene, array or object, rather than a transformation of the observer's viewpoint or position. Comparisons between ego-and allocentric transformations in behavioural and brain imaging studies 132, 207, 211, 212 have revealed that both are distinct brain processes, with allocentric transformations relying more strongly on structures in the right hemisphere, especially in the right posterior parietal cortex 132, 207, 211, 212 .
Allocentric
An umbrella term for maps and/or patterns of modulation that are defined in relation to an object external to the observer.
Microgravity environment
Environments in which no gravity exists for short periods (parabolic flight) or prolonged periods (orbital flight).
area 5 and the PMC, from encoding the location of an animal's physical arm before stroking to an encoding of a fake arm after visuotactile stroking 41, 48 . The presence of visuotactile neurons in areaVIP, the PMC and TPJ is well established, but this has not yet been investigated for the EBA. Moreover, the role of the EBA in self versus other discrimination and self-location is not completely understood: EBA activity seems to reflect first-versus third-person perspectives in some studies 125 but not in others 151, 152 . However, the neuroimaging and neurological data reviewed above suggest that there are also differences between brain mechanisms of self-location versus selfidentification. Although the role of the PMC and EBA in self-identification has been shown by several studies, the involvement of the PMC in self-location is still unclear 40, 59 and EBA activity only marginally reflected self-location 59 . More importantly, self-location, but not self-identification, has been shown to depend on the first-person perspective, as evidenced by studies in healthy subjects 59 and in patients with heautoscopy and OBEs. As discussed above, this suggests that selflocation and the first-person perspective may rely on additional vestibular graviceptive (otolithic) signals and their integration with visual graviceptive and somatosensory signals and that this may require distinct brain processes.
I propose here that such distinct brain processes for self-location and the first-person perspective are localized in three regions within an area encompassing the posterior parietal cortex and the TPJ: the parietoinsular vestibular cortex (PIVC), area VIP and area MST (middle superior temporal) (FIG. 5b) . In monkeys, these regions are densely packed with vestibular neurons, and many of these neurons also have large and bilateral visual receptive fields, as well as large and bilateral somatosensory receptive fields. The visual receptive fields are often >50°, and somatosensory receptive fields respond to stimulation of neck, shoulder, trunk or even half or the entire body surface of the animal (see for the PIVC, REFS 90, 158, 159 for area VIP and REFS 158-162 for area MST). In area VIP, for example, bimodal visuotactile neurons may encode the same visual and tactile movement direction 89, 90, 104 , and the receptive fields of some of these VIP neurons may cover the entire body and the entire visual field 89 (FIG. 5b) . As discussed above, some of these neurons may code for self-identification, but I speculate here that the subpopulation of VIP neurons that also respond to vestibular signals code for self-location and first-person perspective 163, 164 ( FIG. 5b) . Such trimodal neurons have been described in the TPJ regions PIVC 153, 154 and area MST [165] [166] [167] [168] in monkeys. MST neurons have further been implicated in the perception of heading direction based on the integration of visual and vestibular signals 165, 168 . Accordingly, it could be argued that the neurologically and experimentally induced changes in the experienced direction of the first-person perspective and the associated changes in self-location are caused by absent or abnormal otolithic activity in visuovestibular neurons in area VIP, area MST and the PIVC. Otoliths are known to be ambiguous indicators of orientation in space and are activated in the same manner by gravitational and translational signals 169 ; such ambiguity is often resolved by visual and somatosensory inputs. Accordingly, abnormal otolithic activity related to translation may be represented as a change in static orientation that is integrated with abnormal static visuotactile signals that indicate a static body position and an elevated and down-looking orientation. Although no direct evidence for this possibility yet exists, it could be speculated that in the supine position, trimodal PIVC, MST and VIP neurons may, during robotically induced down-looking, not only encode the position of the physical body but also a spatially distinct, elevated position that is inverted by 180° and experienced as down-looking (FIG. 5c) . The neuroimaging and neurological lesion data in humans reviewed above and the important role of the PIVC and area MST in visuovestibular processing together suggest that such otolithic vestibular and visuotactile mechanisms of the first-person perspective and self-location may occur in these two brain regions, whereas area VIP may encode all three aspects of bodily self-consciousness.
Conclusions
The 'I' of conscious experience is one of the most astonishing features of the human mind. Recent neuroscientific investigations of self-identification, self-location and first-person perspective have described some of the multisensory brain processes that may give rise to bodily self-consciousness. As argued elsewhere 1, 170 , these three Box 2 | Gravity and bodily self-consciousness Our bodies have evolved in terrestrial gravity and have consequently adapted to constant linear acceleration. Reports from subjects experiencing microgravity show that the absence of this acceleration can trigger a number of illusory own-body perceptions, and this is compatible with internal brain models of gravity 147, 213 . Weightlessness can be obtained during prolonged free fall in aircrafts during parabolic flights or in spacecraft in orbit. In parabolic flights, the free fall lasts for about 30 s, whereas in orbital flight one can keep on falling for several months. The data obtained from orbital and parabolic flights show that subjects have persisting sensations of their body or surrounding space being oriented up-or downwards (vertical orientation), even though the subjects understand that up and down are 'meaningless' concepts in microgravity. In addition, a range of bodily illusions has been reported in microgravity, which are likely to be the result of absent or abnormal gravitational signals, multisensory disintegration and top-down influences. The percept of vertical orientation only disappears when vestibular, somatosensory and visual cues are absent (that is, when people are free-floating with their eyes closed 142 ). Almost all subjects report disorientation, vestibular symptoms or loss of a spatial anchoring under these conditions 141 . The most common own-body illusion in microgravity is the inversion illusion [140] [141] [142] , which was first described by Graybiel and Kellogg 143 . This is defined as a feeling of the body being upside-down relative to extrapersonal space (or the room being upside-down relative to the stable observer). According to Lackner 142 , multiple combinations of inversion illusion and room-tilt illusion may occur. The person may feel like he is upside-down while the room is in its normal orientation (for example, the floor of the aircraft is interpreted as being down); the person may feel upright while the room is upside down; and the person may also feel upside-down in an upside-down room. These illusions can be so compelling that the subjects assume an incorrect position when they are preparing themselves for the end of the parabola and have led to major accidents in orbital flights. Last, touch and pressure cues have a strong influence on the inversion illusion, underlining that under conditions of absent or abnormal otholithic cues, the perception of verticality and own-body orientation in space depends not only on vestibular and visual cues but also on somatosensory input.
Vestibular neurons
Neurons responding to activation of receptors in the vestibular labyrinth (semicircular canals and otolith organs).
Otoliths
Organs in the vestibular labyrinth of the inner ear that are sensitive to linear acceleration and gravity.
Translational signals
Otolithic vestibular signals that cause linear acceleration. . The left panel shows the location and size of the neuron's tRF (in blue), covering the entire head. The neuron is also direction-selective and encodes selectively back-to-front motion within the tRF (motion direction is indicated by the arrow below the panel). The same neuron also responds to vestibular stimulation and selectively encodes backward translation of the animal (middle panel; motion direction is indicated by the arrow below the panel). Finally, this neuron also responds to visual stimulation (receding optic flow and motion direction are indicated by the arrow below the panel). Similar neurons have been described in areas of the PIVC (parieto-insular vestibular cortex) 153, 154 and area MST (middle superior temporal) [160] [161] [162] . c | Hypothetical changes in the size and/or position of the vRF of trimodal neurons in area VIP, the PIVC and area MST that may be associated with changes in self-location and a down-looking first-person perspective during the full-body illusion. The large vRF of a trimodal visuotactile-vestibular neuron that responds to stimuli applied to bilateral visual stimuli in the upper and lower visual field and in proximity to the subject's body is shown (pink). Seeing a filmed body during the full-body illusion (induced by synchronous visuotactile stimulation) that was filmed in a posture and direction (upward) that is incongruent with the direction of veridical gravity (downward) may alter visuovestibular coding by trimodal neurons and induce abnormal otolithic perception. This association of abnormal otolithic signals that are integrated with abnormal visuotactile signals (during the full-body illusion) may lead to a change in perceived body orientation of the participant and may be associated with changes in the size and/or position of vRFs that also respond to the more distant position of the seen filmed body.
depends on somatosensory and visual signals and involves bimodal visuotactile neurons, and that selflocation and the first-person perspective depend on the integration of these bodily signals with vestibular cues in trimodal visuotactile-vestibular neurons. These differences between self-identification versus self-location and first-person perspective are corroborated by neuroimaging and neurological data; these data show that self-identification recruits primarily bilateral PMC and IPS and that self-location and first-person perspective recruit posterior parietal-TPJ regions (such as area MST and the PIVC) with a right hemispheric predominance. Posterior IPS regions such as area VIP may be involved in both self-identification and self-location. The contributions of other regions (such as the EBA and sensorimotor cortex) have been less robust across studies. Although much of the present Review may suggest that self-location and first-person perspective rely on the same brain mechanisms, neurological observations suggest that these aspects of bodily self-consciousness are in fact different and probably based on at least partially distinct brain mechanisms 105 . The reviewed data extend other prominent proposals concerning the neural basis of bodily self-consciousness that have highlighted brain processes related to internal states of the body, such as interoceptive and homeostatic systems (for example, the heartbeat) as important signals, and that have highlighted the contribution of either the insula 171 or the posterior medial parietal cortex 172, 173 . Future research should explore the interactions between exteroceptive bodily signals (which the present Review focused on) and interoceptive and sensorimotor signals 5, 174 , their relevance for self-consciousness and their distinct and common brain mechanisms 175 . A cautionary note is warranted. The current amount of experimental data on bodily self-consciousness is very limited. Moreover, responses are often variable within and between subjects and are rarely based on repeated measures. Future research should include more precise measurements and more rigorous approaches based on psychophysical and, eventually, mathematical approaches. Additional research should be carried out, analysing functional and anatomical connectivity 176, 177 between the brain regions of bodily self-consciousness and how they relate to the so-called default mode network 176 , which has been associated with self-related processing 178 . Further technological advances in virtual reality and robotics and their merging with cognitive science, brain imaging and clinical work are needed to provide the necessary bodily stimulations and the induction of stronger and prolonged altered states of self-consciousness. Comparable research needs to be carried out in non-human primates and rodents. These lines of research are likely to provide much ground for fascinating future research in neuroscience and experimental psychology as well as philosophy of mind and ethics.
Future directions
How does self-consciousness relate to the much larger field of consciousness studies? Empirical research into brain mechanisms of consciousness has mainly focused on behavioural and neural differences between conscious and unconscious processing of stimuli, mostly in the visual system 179, 180 . Can such consciousness arise without or during strongly altered self-consciousness? This is an interesting topic for future research, and would require integrating studies of bodily self-consciousness with research into conscious and unconscious target detection, binocular rivalry, bistable perception, change blindness and other perceptions in well-defined psychophysical settings 181 . Bodily self-consciousness may turn out to be an important component for consciousness generally 173 . Certainly "it is not enough to say that the mind (and consciousness) is embodied. You also have to say how" 182 , and bodily self-consciousness may provide this link.
Cognitive psychologists and neuroscientists have studied many different aspects of the self (see REFS 2, 4, 5, 125, 129, [183] [184] [185] [186] [187] [188] [189] [190] . Future work should address how self-consciousness is linked to language (for example, see REFS 117, 191) and to memory and future prediction 173 (also see REFS 192, 193) to study 'narrative' and 'extended' aspects of self-consciousness, respectively. The behavioural and neural mechanisms of bodily self-consciousness should further be studied jointly with self-related processes such as perceptual and imagined viewpoint changes 129 , theory-of-mind and mentalizing 194 , empathy, and with consciousness in the motor and sensorimotor systems 5, 195 . Finally, recent developments in virtual reality and robotics are opening novel avenues for human enhancement of sensorimotor and cognitive function. Virtual reality has already played an important part in augmenting cognition, assisting motor rehabilitation and as an effective treatment in anxiety and specific phobias 196, 197 . These treatments may be complemented and improved by including automatized manipulations of illusory hand ownership, self-location and self-identification. Diagnosis and treatments of other medical conditions such as pain syndromes 76, 198 and inflammation 199 may also benefit from artificially induced changes in hand ownership, selflocation and self-identification. Finally, the manipulation of bodily self-consciousness may generate and enhance bodily feelings for de-afferented body parts in patients with tetra-and paraplegia. Recent work in patients with amputations -initiated by Ramachandran and colleagues 64 -has already explored these possibilities for the design of future artificial limbs 200, 201 . Patients with severely disabling and chronic conditions, such as paraand tetraplegia following spinal cord injury, may profit in the future from self-enhanced or augmented artificial bodies, allowing them not only to move but also to feel the 'digital body' as their own body [202] [203] [204] [205] .
